It is shown that the same phenomenological Newtonian model recently proposed by the author to explain the cosmological evolution of the fine structure constant suggests furthermore an explanation of the unmodelled acceleration a P ≃ 8.5 × 10 −10 m/s 2 of the Pioneer 10/11 spaceships reported by Anderson et al in 1998. In the view presented here, it is argued that the permittivity and permeability of empty space are decreasing adiabatically, and the light is accelerating therefore, as a consequence of the progressive thinning down of the quantum vacuum due to the combined effect of its gravitational interaction with all the expanding universe and the fourth Heisenberg relation. It is suggested that the spaceships do not have any extra acceleration (but follow the unchanged Newton laws), the observed effect being due to an adiabatic acceleration of the light equal to a P , which has the same observational radio signature as the anomalous acceleration of the Pioneers.
PACS numbers: 04.80. Cc, 95.35.+d, 95.55.Pe Introduction and purpose. In a previous paper [1] , an explanation was proposed for the cosmological variation of the fine structure constant observed by Webb et al [2] , which is based in the gravitational interaction of the quantum vacuum with all the universe. As was argued there, the quantum vacuum must thin down progressively along the history of the universe with the consequent decrease of its permittivity and its permeability. This causes, in turn, a time dependent increase of the fine structure constant, which agrees well with the observations by Webb et al. The reader is referred to [1] for all the necessary details. This letter shows that the same model offers besides an explanation for the anomalous Pioneer's acceleration.
The anomalous Pioneer's acceleration. A tiny but significant anomaly in the motion of the Pioneer 10 and 11 spaceships was reported by Anderson et al [3] in 1998: the solar attraction seems to be slightly larger than what predicted by Newton's laws. The Nasa analysis of the data from the two missions using the Jet Propulsion Laboratory's Deep Space Network showed in the motion of both spacecrafts an extra unmodelled constant acceleration towards the Sun. Its value is a P ≃ 8.5 × 10 −10 m/s 2 . The data from the Galileo and Ulysses spaceships confirm the effect. In spite of a thorough search, no reason could be found as yet for that extra acceleration (see [4] for a detailed analysis of the observational techniques involved).
This effect would be explained by postulating the existence of dark matter in the Solar System (with a density ρ ∝ r −1 ). According to Anderson et al, however, the quantity of dark matter required to explain the Pioneer anomaly would be too large, since it would produce changes that are not seen in the ephemeris of the planets. Furthermore, they did not find any similar extra acceleration in the case of the planets, as it would be required by the equivalence principle if the effect were due to gravitational forces. As the cartography of the Solar System is firmly grounded in well known science, Anderson et al concluded, as the only explanation, that new physics could be producing the effect.
In the explanation suggested here, there is indeed a genuine extra blue shift of the radio waves from the Pioneers (i.e. the Nasa team observed a real existing effect), but the spaceships followed the exact trajectories predicted by Newton unchanged law of Gravitation, without any extra pull from the Sun. The observed effect it is not due to any unmodelled acceleration of the ships but to an acceleration of the light. Indeed, the model proposed in [1] to explain the cosmological evolution of the fine structure constant predicts an adiabatic acceleration of light which, at present time, would be of the same order as H 0 c = 6.3 × 10 −10 m/s 2 (H 0 being the Hubble parameter), if two coefficients related to the renormalization effects of the quantum vacuum are of order one. Such acceleration would be due to an adiabatic decrease of the permittivity and the permeability of empty space, consequence of the decrease of the quantum vacuum density, produced by the combined effects of the universe expansion and the fourth Heisenberg relation. It will be shown moreover that an adiabatic acceleration of the light has the same observational signature as a blue shift of the radio waves due to an acceleration a P of the Pioneers towards the Sun.
Summary of the model: The thinning down of the quantum vacuum. This section gives a terse summary of the model used in [1] to explain the observations by Webb et al [2] that the fine structure constant was smaller in the past. That model is based on the effect of the gravitational potential Φ on the density of the quantum vacuum, which is treated phenomenologically as an optical medium. As the virtual particles in the vacuum have a gravitational potential energy EΦ/c 2 , E being the non-gravitational energy, the fourth Heisenberg relation implies that their average lifetime depends on Φ, and consequently the very density of the vacuum as well. More precisely, their average lifetime in a gravitational potential is τ Φ = τ 0 /(1 + Φ/c 2 ), τ 0 being its value with Φ = 0. As shown in [1] , a consequence is that the relative permittivity and permeability of empty space must depend on the gravitational potential Φ, their expressions at first order being
where Φ and Φ ⊕ are, respectively, the gravitational potential at the observation spacetime point and at a terrestrial observatory now, and β and γ are certain coefficients, which must be positive since the quantum vacuum is dielectric but paramagnetic (its effect on the magnetic field is due to the magnetic moments of the virtual pairs). This implies that the light velocity must depend on space and time, as well as the observed electron charge and the fine structure constant. Although the space variation of ǫ r and µ r due to local inhomogeneities of the distribution of mass has observable consequences, as shown later, let us concentrate now in the space average of the potential due to all the universe Φ av , assuming that all the matter (ordinary plus dark) and dark energy are uniformly distributed. Because of the universal expansion, the distances between the galaxies are increasing, so that Φ av becomes less negative (or more positive) as the time goes on, a consequence being that the quantum vacuum thins down, its density being a decreasing function of time. Hence the decrease of the permittivity and permeability of empty space and the increase of the light velocity. The consequences of these ideas agree well with the observations (see fig. 1 in [1] ).
We can thus average eq. (1), writing instead
where Φ av (t) is the space averaged gravitational potential of all the universe at time t and t 0 is the present time (i.e. the age of the universe). Note that Φ av (t 0 ) appears in (2) instead of Φ ⊕ because |Φ av (t 0 ) − Φ ⊕ | is small enough as shown in [1] (it is essentially due to the space inhomogeneities of the Milky Way, the Sun or the Earth which are much smaller that the potential of all the universe). It must be stressed that, as was argued in [1] , eqs. (1)-(2) are not ad hoc assumptions but unavoidable consequences of the fourth Heisenberg relation.
Because of the expansion of the universe, the gravitational potentials due to matter and dark energy equivalent to the cosmological constant vary in time as the inverse of the scale factor a(t) and as its square a 2 (t), respectively. As shown in [1] , it turns out therefore that
where Φ 0 is the gravitational potential produced by the critical density distributed up to the distance of R U Mpc (Φ 0 = − R U 0 Gρ cr 4πrdr ≃ −0.3c 2 with R U = 3, 000 Mpc) and Ω M , Ω Λ are the corresponding present time relative densities of matter (ordinary plus dark) and dark energy corresponding to the cosmological constant Λ. Let us assume a flat universe with k = 0, and with Ω M + Ω Λ = 1 therefore. The accepted value of today Hubble parameter is
As was shown in [1] , these ideas give for the time evolutions of the fine structure constant and the light velocity
(c(t), α(t) are the time evolutions and α = α(t 0 ), c = c(t 0 ), the present time values, i.e. the constants that appear in the tables). It was shown in ref. [1] that the first eq. (5) gives a good agreement with the observations by Webb 1, 0) ). The consequences of the second eq. (5) will be studied in this work.
The adiabatic acceleration of light. It follows from the second eq. (5) that the velocity of light increases in time, the present value of the acceleration a =ċ(t 0 ) being equal to
Note that, as H 0 c = 6.3 × 10 −10 m/s 2 , a is of the same order as the Pioneer acceleration a P if β and γ are of order one. It was shown in [1] that the observed cosmological variation of α can be explained with a value for (3β − γ)/2 of the order of 10 −5 . We will show now that this same model offers an explanation of the anomalous Pioneer acceleration as an effect of the quantum vacuum if (β + γ)/2 has a value of order one. We assume as a working hypothesis that this is the case.
The adiabatic acceleration of light implies a blue shift. It will be shown now that the frequency ω 0 of a monochromatic light wave with such an adiabatic acceleration a increases so that its time derivativeω satisfieṡ
Furthermore, an adiabatic acceleration of light has the same radio signature as a blue shift of the emitter, although a peculiar blue shift with no change of the wavelength (i.e. all the increase in velocity is used to increase the frequency). Equations (2)-(4) tell that the time derivatives of the permittivity ǫ = ǫ r ǫ 0 and permeability µ = µ r µ 0 of empty space at present time t 0 are equal tȯ
These two derivatives are negative and very small. To study the propagation of the light in a medium whose permittivity and permeability decrease adiabatically, we must take the Maxwell equations and deduce the wave equations for the electric field E and the magnetic intensity H. It is very easy to show that they are
or, more explicitly,
since at present time ǫ r = 1, µ r = 1. Because of (8),ǫ/ǫ 0 andμ/µ 0 are of order H 0 = 2.1 × 10 −18 s −1 , so that the third terms in the LHS of (10) and (11) can be neglected for frequencies ω ≫ H 0 , in other words for any practical purpose. Note, by the way, that the last is a mass term with coefficient of order 10 −53 m −2 , i.e. corresponding to a mass m γ ≃ 10 −39 MeV or close. This is exceedingly small and can be neglected also. We are left with two classical wave equations with time dependent light velocity c(t).
In order to find the behavior of a monochromatic light beam according to these two wave equations, we start with the first one and take E = E 0 exp[−i(κz − (ω 0 +ωt/2)t)], where the frequency is the time derivative of the phase of E, i.e. ω 0 +ωt. Neglecting the second time derivatives and working at first order inω (withωt ≪ ω 0 ,ω ≪ ω 2 0 ), substitution in (10) gives κ 2 = [(ω 0 +ωt) 2 − iω] /c 2 (t). It follows that κ = k + iζ = ±(ω 0 /c(t))[1 + 4ωt/ω 0 ](cos ϕ + i sin ϕ), with ϕ = −ω/2ω 2 0 , so that k = ±(ω 0 /c) (1 +ωt/ω 0 )/(1 + at/c) what implies k = ±ω 0 /c and eq. (7),ω/ω 0 = a/c, as stated before. Also, ζ = −ω/2ω 0 c = a/2c 2 . The wave attenuates in the direction of propagation as e −z/ℓ with ℓ = 2c 2 /a, but as a is of order H 0 c, ℓ is of order of 5,000 Mpc, so that the attenuation can be neglected. It is easy to show that to take k +kt for the wave vector leads tok = 0. These results are valid both for the solutions of (10) and (11).
This shows that the electromagnetic waves verify eq. (7), so that k, and the wavelength λ therefore, remain constant while the frequency increases with the same relative rate as the light velocity. Note an important point: in a measurement of the frequency, a blue shift is found (unrelated to the velocity of the emitter), but observations of the wavelength fail to find any effect. In other words, the observation using radio waves can discover the blue shift but the standard optical observations see nothing.
Non-mechanical and non-gravitational explanation of the Pioneer acceleration. In this model, the Pioneer effect is neither gravitational nor mechanical (it is not produced by any force) but electromagnetic. There are no problems, therefore, with the equivalence principle. Anderson et al observed a blue shift in the radiowaves from the two Pioneers. More precisely, a drift of the Doppler residuals corresponding to a positive constant time derivative of the frequency received from the spaceships such thaṫ for Ω Λ = 0.7 and β + γ = 9 for the Einstein-De Sitter universe Ω Λ = 0). Indeed, the cartography of the solar system, being based on radar ranging methods that measure the delay of round trips of electromagnetic waves, is quite independent of an eventual acceleration of light equal to a P , too small to have any detectable influence. To be more precise let us consider two radar ranging observations in which the flight time of the light is measured. If the second observation is made one year after the first, the relative difference between the two results would be about 1 year × a P /c ≃ O(10 −10 ), which has a completely negligible effect on the measurement. For instance, the difference and the sum of the radii of the Mars and Earth orbits are known since the radar ranging studies of the Viking missions with precisions of 100 m and 150 m, respectively [3] . If the same observations had been repeated a year later, the changes of these lengths due to an acceleration a P of the light would have been close to 10 −8 m and 1.5 × 10 −8 m, respectively, quite unobservable. This gives a simple explanation of the riddle that the Pioneer effect is observed in the spaceships but not in the planets. There can be no contradiction with the equivalence principle since an acceleration of light is not a gravitational phenomenon.
Deflection of a light ray grazing the surface of the Sun. Let us consider now one further prediction of this model. As is known, General Relativity predicts successfully that a light ray grazing the Sun surface must be deflected by an angle ∆ϕ = 2GM ⊙ /c 2 R ⊙ = 1.75 ′′ , M ⊙ , R ⊙ being the mass and radius of the Sun. Classical Newtonian physics also gives an explanation of this phenomenon, but predicts just one half of the observed effect and only with the additional assumption that the photon is a particle with kinetic energy per unit mass equal to c 2 /2. This non-relativistic model predicts also a deflection, since the velocity of light depends on Φ what makes an inhomogeneous optical medium of the gravitational field around any star. But note that this effect is predicted within the frame of wave theory, without the need of any assumption on the photons.
In this model and according to (1) , the light velocity depends on the distance to the Sun r as c
12 × 10 −6 (β + γ)/2, M ⊕ , R ⊕ are the mass and the radius of Earth and R E is the radius of its orbit. (Note that only the local mass inhomogeneity due to the Sun intervenes in this phenomenon, the effect of other bodies or of Ω M and Ω Λ being obviously negligible.) Because the refractive index of the quantum vacuum increases as r decreases, the trajectories of the light rays are curves that bend towards the center of the Sun. As each one is contained in a plane, let us take cartesian coordinates (x, y) with the Sun centered at the origin. The ray trajectories are the solutions to the variational problem δ 2 1 (1 + y ′2 ) 1/2 /c(r)dx = 0. It is a simple matter to expand in series of η (which is small) the solutions of the corresponding Euler-Lagrange equation, y(x) = y 0 (x) + ηy 1 (x) + · · ·. It turns out that, including the first order correction, the zero order grazing trajectory y = R ⊙ becomes y(x) = R ⊙ − η(R 2 ⊙ + x 2 ) 1/2 . Clearly, the deflection angle is ∆ϕ = 2|y ′ (∞)|, i.e ∆ϕ = 2η = (β + γ)GM ⊙ /c 2 R ⊙ = 2.12 × 10 −6 (β + γ).
If β + γ = 2 (resp. = 4), the predicted deflection angle is ∆ϕ = 0.875 ′′ (resp. = 1.75 ′′ ). Note that this calculation is done within the frame of wave theory (no assumption on the photons are needed). The values of ∆ϕ (eq. (14)) and the acceleration of light a (eq. (6)) are given in Table 1 for two values of β + γ and of the densities Ω M , Ω Λ .
∆ϕ a (m/s 2 ) 0.3, 0.7 1.75 ′′ /2 5.9 × 10 −10 1.75 ′′ 11.7 × 10 −10 1, 0 1.75 ′′ /2 1.9 × 10 −10 1.75 ′′ 3.8 × 10 −10
The fact that the values of β + γ that give 1.75 ′′ or half this value for the bending angle predict an acceleration of light which is close to the Pioneer acceleration is both intriguing and encouraging, given the approximations made and the uncertainty on the exact value of H 0 (or equivalently on h).
Final comments. First: it must be reminded that this model can not be extended arbitrarily towards the past, as explained in [1] . But note that the results of this paper are obtained just by making a time derivative at t = t 0 (i.e. at present time), when the model is clearly valid.
Second: Einstein second postulate of special relativity would be still valid as an extremely good approximation, its practical value being unaffected (in elementary particle physics for instance). While it does not seem possible to introduce an acceleration of light in its formalism, this would not be a serious problem since the effect is so small: in fact, special relativity is just a very good, beautiful and useful approximation to general relativity.
Third: it must be stressed again that this effect produces a blue shift in the frequency without any change in the wavelength. It can be observed therefore with radio wave methods, if a source is observed for a very long time without recalibrating the instrument, but not with optical methods.
Summary and conclusion. Using a Newtonian approximation, the model presented in reference [1] offers a unified picture that gives explanations, as an effect of the quantum vacuum, both of the cosmological variation of the fine structure constant, observed by Webb et al [2] , and of the anomalous Pioneer acceleration, observed by Anderson et al [3] . More precisely, it explains these two different phenomena as due to the thinning down of the quantum vacuum because of the fourth Heisenberg relation combined with its gravitational interaction with all the expanding universe. In the first case, the fine structure constant increases in time because a thinner vacuum implies a lesser renormalization of the electron charge and an acceleration of light, the resulting value of α being an increasing function of time. In the second, because an acceleration of light has the same signature as a blue shift of the frequency (although the wavelengths do not change, as explained before). In both cases the effect depends on the coefficients β and γ in eqs. (1) which express the permittivity and the permeability of the quantum vacuum as functions of the gravitational potential at first order.
In its present state, the model does not predict the value of these coefficients, but it must be stressed that it is free of ad hoc assumptions and does predict, using well known basic laws of physics, (i) that the time dependence of α is given by the function F (t) in eqs. (3), what fits nicely the observations (see fig. 1 in [1] ); (ii) that the light velocity increases adiabatically, its acceleration being of the same order as the anomalous Pioneer acceleration, at least, if these two coefficients β, γ are of order one, and having moreover the same radio signature as an acceleration of the ships; (iii) that a light ray bends when passing near the Sun, the bending angle being, at least, close to the prediction of non-relativistic physics, while using a classical wave model of light without any assumption on the photons. Note that the change in the light velocity during one year if the acceleration is a P would be just about 2.7 cm/s. Only after 37 years the change would be of 1 m/s. All this is certainly intriguing and encouraging.
To summarize, this letter proposes as a possibility worth of consideration that the Pioneers did not suffer any extra acceleration but that, quite on the contrary, they followed the standard Newton laws, the observed and unmodelled acceleration a P being an observational effect of an acceleration of light with the same value a P , due to its interaction with the quantum vacuum. This could happen because an adiabatic acceleration of light has the same observational signature in radio waves. The effect was not observed in the planets because they were not submitted to the same kind of observation as the Pioneers. Their positions are well known since they were determined to a very high precision during the Viking mission by radar ranging, and the change of the time of flight of the light because of such a small acceleration is too small to be observable (there are no problems with the equivalence principle in this model). The Pioneer acceleration is in this model a beautiful manifestation of the universal expansion. Because a P is so small, the experimental test of this idea is surely difficult. One way would be to repeat the measurements of c and wait for several years to see if there is some change. Another, presumably more rapid, to measure the frequency of the radiowaves emitted by a very stable source (not necessarily in a spaceship, it could be here at Earth) during a sufficiently long time.
The conclusion of this work is that the explanation of the Pioneer riddle proposed here must be studied by the experts to analyse in detail how do the predictions compare with the observational data. I am grateful to Drs. Juan Pérez Mercader and José L. Trueba for discussions on reference [3] in 1998 after its publication.
